In Brief
PMCAs are fundamental for termination of Ca 2+ signaling processes in many types of cells. Schmidt et al. identify Neuroplastin and Basigin as novel subunits of native PMCAs and illustrate the significance of both proteins for processing and function of PMCA complexes.
INTRODUCTION
In CNS neurons and many other cell types, calcium (Ca  2+ ) signaling controls a variety of fundamental processes and reaction pathways including release of transmitters and hormones, regulation of enzymatic activities and excitability, excitationtranscription coupling, contraction or cell motility, and neurite outgrowth (Clapham, 2007) . All of these processes are switched on by influx of Ca 2+ into the cytosol, mostly through voltage-and ligand-gated ion channels or Ca 2+ release from intracellular stores, and they are switched off by the concerted action of various Ca 2+ transporters that extrude Ca 2+ from the cytoplasm (Augustine et al., 2003; Berridge et al., 2000) . Key elements among the latter are the plasma membrane Ca 2+ -ATPases (PMCAs), P-type ATPases (or pumps) that are present in virtually all types of cells and transport Ca 2+ to the extracellular space using ATP as an energy source (Brini and Carafoli, 2009 ). Molecularly, PMCAs are encoded by four different genes, PMCA1-4, which differ in their expression profiles across tissues and cell types, as well as in their functional properties derived from heterologously expressed proteins (Brini and Carafoli, 2009; Burette et al., 2003; Strehler et al., 2007; Strehler and Zacharias, 2001 ). Notwithstanding, due to their high affinity for Ca 2+ , all isoforms effectively decrease intracellular Ca 2+ during transients and maintain Ca 2+ at low levels under resting conditions (Brini and Carafoli, 2009; Empson et al., 2007; Thayer et al., 2002; Tidow et al., 2012) . Accordingly, genetic deletion or loss-of-function mutations of individual PMCAs lead to severe phenotypes including cerebellar ataxia, deafness, paraplegia, infertility, or embryonic lethality (Bortolozzi et al., 2010; Brini et al., 2013; Carrott et al., 2016; Li et al., 2014) . Interestingly, all four PMCA isoforms were identified as constituents of the extended protein networks building the nano-environment(s) of voltage-gated Ca 2+ (Cav) channels in the brain, thus indicating intimate coupling of influx and clearance of Ca 2+ for spatiotemporally defined Ca 2+ signaling (M€ uller et al., 2010) . As yet, however, the molecular details underlying integration of PMCAs into the protein networks of Cav channels, as well as the molecular appearance of PMCAs in native membranes, have not been resolved.
Here we use multi-epitope and knockout-controlled affinity purifications (APs) together with high-resolution mass spectrometry (MS) and cryo-slicing BN-MS to investigate the subunit composition of native PMCAs in various types of cells and tissues. Our analyses identify native PMCAs as heteromers assembled from PMCA1-4 proteins and the Ig-domain containing proteins neuroplastin and basigin. Subsequent functional studies on wild-type and knockout cells or knockout tissue, as well as virally transduced neurons, establish neuroplastin and basigin together as obligatory auxiliary subunits of PMCA complexes that control stability and processing of the complexes, as well as their Ca 2+ transport capacity.
RESULTS

Proteomic Analysis of Native PMCAs
To characterize native PMCAs, we applied our proteomic approach combining antibody (AB)-based affinity purifications (APs) with high-resolution quantitative mass spectrometry (MS) (M€ uller et al., 2010; Schwenk et al., 2012; Schwenk et al., 2010) . Strikingly, this initial experiment performed with membrane fractions from rodent brain revealed that two different ABs against PMCAs1-4 (anti-PMCA-a, -b, see also STAR Methods, Figure S1A ) co-purified the single transmembrane domain protein neuroplastin in amounts equal to that of the target(s), suggesting that neuroplastin co-assembles with the ATPases ( Figure 1A ). Neuroplastin, originally identified as a synaptic glycoprotein (Hill et al., 1988) and named after its reported involvement in plasticity-related processes and cell adhesion (Smalla et al., 2000) , is a member of an immunoglobulin (Ig) domain-containing family of proteins together with basigin (also known as CD147 or EMMPRIN) and embigin ( Figure 1B ; (Beesley et al., 2014) ). In the rodent brain, neuroplastin exists in two splice variations, Np65 and Np55, which differ by a single Ig domain at the extracellular N terminus of the protein (Figure 1B) . Interestingly, basigin was also co-purified in both initial anti-PMCA APs, albeit at amounts markedly lower than those of neuroplastin, while embigin was not detected ( Figure 1A ) despite its expression in the rodent brain ( Figure S1B ). Native PMCA complexes were further analyzed in experiments using cryo-slicing BN-MS Schwenk et al., 2012) , an AB-free technique that separates protein complexes via native gel electrophoresis and provides unbiased information on assembly and abundance of their subunits (Figure 1C) . The abundance-mass profiles obtained with membrane preparations from brain and kidney demonstrated that (A) Two-dimensional abundance plot of proteins identified and quantified by MS analyses in APs with two distinct ABs that targeted all isoforms of PMCAs in membrane fractions prepared from adult rat brain. Note effective co-purification of PMCAs1-4 and neuroplastin. (B) Dendrogram of the neuroplastin, basigin, embigin family of Ig-domain containing proteins. Splice variations related to the first Ig-domains in neuroplastin and basigin are color coded. (C) Abundance-mass profiles obtained by cryo-slicing BN-MS for the indicated proteins in membrane preparations from rat brain and mouse kidney (total of 76 and 83 gel slices, respectively); PMCAs and MCTs were normalized to the neuroplastin and basigin profiles, respectively. Note predominant complex formation of PMCAs1-4 with neuroplastin and of MCTs1 and 2 with basigin.
neuroplastin precisely co-segregated with the PMCA isoforms indicating stable complex formation in both rodent tissues (Figure 1C) . Moreover, the profiles showed that the total amount of neuroplastin (area under profile) approximately equals the summed amounts of all PMCAs expressed in either tissue (PMCA1-4 in brain, PMCA1, 4 in kidney) and that basigin only associates with a minor portion of the PMCAs ( Figure 1C) . Instead, basigin appeared predominantly incorporated into smaller complexes with the mono-carboxylate transporters (MCTs) 1, 2 ( Figure 1C ) in line with previous reports (Kirk et al., 2000; Wilson et al., 2002) .
For more comprehensive insight into the role of neuroplastin and basigin, we next aimed to resolve their proteomes (or inter- Table S1 . Inset: abundance plot of APs normalized to neuroplastin (blue) or basigin (green). Note strong preference of neuroplastin for PMCAs, while basigin co-assembles with both PMCAs and MCT1. (B) Two-dimensional gel separation of PMCAs, neuroplastin, and basigin without (top panel) and with an anti-neuroplastin AB (bottom panels) added to solubilized membrane fractions from whole brain (AB-shift assay). Gel separations were probed with ABs targeting the indicated proteins; exposure for the gel on the lower right was adjusted to visualize basigin. Apparent molecular mass (BN-PAGE) and size (SDS-PAGE) are as indicated. Note the two distinct assemblies (arrowheads) obtained by addition of the AB with all PMCA isoforms and the lack of shift in basiginassociated PMCAs. actomes), the ensemble of their interaction partners, in the rodent brain using several ABs for target-depleting APs and target knockout tissues as negative controls for judging specificity of interactions (Igakura et al., 1996; Schulte et al., 2011; Schwenk et al., 2012 Schwenk et al., , 2016 ; Figure S1B ). The combined proteomes ( Figure 2A , Supplemental Information, Table S1 ) determined by quantitative evaluation of the respective MS data (Schwenk et al., 2012 (Schwenk et al., , 2016 ; also STAR Methods, coverage of primary sequences in Supplemental Information ,  Table S2 ) emphasized that PMCAs1-4 are close to exclusive partners (>95% of total abundance) of both splice variants of neuroplastin (Np65 and Np55), while basigin co-assembles with both MCT1 and PMCAs1-4 (inset Figure 2A) . Notably, neuroplastin and basigin were not detected in anti-basigin and anti-neuroplastin APs ( Figure S1B ), respectively, indicating mutual exclusivity of both proteins in their co-assembly with the PMCA1-4 subunits. The remaining constituents of either proteome, mostly proteins with reported localization to the synaptic compartment, specifically interact with the two target proteins although at comparatively low abundance ($3% of total abundance, Table S1 ). With respect to PMCAs, the following observations are important. First, the neuroplastin-PMCA interaction was sensitive to solubilization conditions ( Figure S2 ), most likely as a consequence of the interaction site(s) involving the transmembrane domain, a few adjacent N-terminal residues, and the cytoplasmic C terminus of neuroplastin ( Figure S3 , NPTN DIgDs). Second, the ratio of neuroplastin versus basigin as subunits of native PMCA complexes was variable among tissues and cell types; while neuroplastin exceeded basigin by far in rodent brain and kidney (ratio estimates of $30/1, Figures 1 and 2) , the respective ratio appeared decreased in cultured cells ($4/1 in CHO-and tsA-201/HEK293-cells) or even reversed in human erythrocytes ($1/30; data not shown).
The number of neuroplastin proteins assembled into individual PMCA complexes was determined in AB-shift assays. As shown in Figure 2B and Figure S4 , anti-neuroplastin-a ABs or PMCA-specific ABs added to solubilized membrane fractions from rodent brain prior to native gel electrophoresis shifted the PMCA complexes to higher molecular masses, with the two distinct increments most likely reflecting co-assembly of two neuroplastins with two PMCA subunits (Figure 2B , left; Figure S4 ). Together with the complexes' apparent mass of about 350 kDa, this pointed to native PMCAs as heterotetramers of two ATPase subunits and two neuroplastin or basigin molecules, similar to the stoichiometry suggested for MCT1-basigin assemblies (Wilson et al., 2002) . Notably, the small portion of basigin-containing PMCAs, lower in mass than their neuroplastin-containing counterparts, remained unaffected ( Figure 2B , right) in the neuroplastin shift assay, confirming the mutual exclusivity in assembly of neuroplastin and basigin into PMCA complexes seen before in AP experiments ( Figure 2A) .
Together, our proteomic analyses indicated that native PMCAs, instead of being monomers or homodimers as previously envisaged (Brini et al., 2013; Sackett and Kosk-Kosicka, 1996; Tidow et al., 2012) , are heteromeric complexes assembled from the ATPase subunits PMCAs1-4 and either of the two auxiliary subunits neuroplastin or basigin. Figure 3A ). As illustrated in Figure 3A , exogenous expression of PMCA2 decreased [Ca 2+ ] i by about an order of magnitude as reflected by the right shift in the BK Ca activation curve measured with a [Ca 2+ ] pip of 10 mM (blue symbols). Conversely, knockout of endogenous neuroplastin via CRISPR/Cas9 led to an about 5-fold increase in [Ca 2+ ] i that is evidenced by the left shift in BK Ca activation (red symbols, Figure 3A ) and resulted from an about 70% decrease in the amount of PMCAs in membranes of the knockout cells (NPTNÀ/À, Figure 3B ). In line with these alterations, expression of exogenous neuroplastin or basigin resulted in a strong decrease in [Ca 2+ ] i , which was further extended in either case by additional co-expression of PMCA2 ( Figures 3C and 3D ). More explicitly, the shift in BK Ca activation observed in both co-expression experiments was equivalent to a decrease of [Ca 2+ ] i underneath the plasma membrane by at least two orders of magnitude compared to the value set by [Ca 2+ ] pip ( Figures 3C and 3D) . Notably, the PMCA-mediated decrease in submembrane [Ca 2+ ] i was strongly dependent on intracellular ATP, as reflected by the left shift in the activation curves observed upon wash-out of ATP via dialysis of the CHO cells with ATP-free intracellular solution ( Figure S5 ] i . This was further investigated by probing the expression of neuroplastin and basigin in the rodent brain both during postnatal development and after knockout of neuroplastin. The BN-PAGE separations in Figure 4A show that the total amount of neuroplastin dramatically increased over the postnatal period from P1 to P28 and that this increase was paralleled by the increase in total PMCA1-4 protein (in complexed form). In contrast, the total amount of basigin remained roughly constant on the aforementioned time window, while separation between MCT-and PMCA-associated pools of basigin was observed after P7 ( Figure 4A , bottom). The minor contribution of basigin-associated PMCAs to total PMCA complexes seen in adult rats ( Figures 1C and 2B ) was recapitulated in wildtype mice ( Figure 4B , top). After knockout of neuroplastin (NPTNÀ/À); however, this picture profoundly changed. The pool of basigin protein assembled into PMCA complexes appeared strongly enhanced in membrane fractions from whole brain, while the MCT-associated population remained unaffected (Figure 4B, top) . This compensatory increase of basigin protein was also observed in immunostainings performed in cerebellar slices from wild-type and NPTNÀ/À animals ( Figure 4B , bottom; for specificity of ABs see Figures S6 and S7A). While basigin displayed weak staining in wild-type tissue, prominent staining was observed in NPTNÀ/À animals, where it closely resembled the staining pattern obtained for neuroplastin in wild-type slices, particularly on the plasma membrane of cerebellar Purkinje cell dendrites (Figure 4B, bottom) . Further analysis by quantitative immuno-EM on SDS-digested freeze-fracture replicas confirmed the increase of basigin protein in the plasma membrane of neuroplastin knockout neurons ( Figure 5A , bottom) but also showed that this compensatory increase failed to restore the PMCA levels of wild-type neurons. Thus, the densities of PMCA particles in NPTNÀ/À neurons were found to be 2-to 3-fold below wildtype level(s) ( Figure 5A , hippocampal CA1 pyramidal cells; Figure 5B, cerebellar Purkinje cells, mean [±SEM] values were 196 ± 10 and 65 ± 8 in 4 dendrites of WT and NPTNÀ/À, respectively), in good agreement with the changes in total PMCA protein obtained from MS analyses of respective membrane fractions ( Figure S8A ). In addition, the EM analyses revealed two further interesting observations: first, the density of PMCAs was largely different between distinct types of neurons (dendrites of Purkinje cells versus dendrites of hippocampal pyramidal cells; Figures 5A and 5B) and, second, PMCAs 1 and 2 exhibited a clear preference for the postsynaptic compartment ( Figure 5B , axon terminal versus dendritic shaft and spines).
Significance of Neuroplastin
The compensatory increase in basigin amounts (and association with PMCAs) following loss of neuroplastin suggested that native PMCAs may require at least one of its two auxiliary subunits for structural and functional integrity. We, therefore, sought to analyze PMCAs after abolishing both neuroplastin and basigin either via CRISPR/Cas9-induced knockout in cultured CHO and tsA201 (HEK293) Figure 6B ). Interestingly, in the absence of neuroplastin and basigin, even (over)-expression of PMCA2 led to only partial restoration of Ca 2+ transport with BK Ca activation shifted far less to the right than observed in CHO wild-type cells ( Figure 3A) or with co-expression of both PMCA2 and neuroplastin ( Figure 6B ). While these results indicated that Ca 2+ may be transported by PMCA2 alone, they also showed that co-assembly with neuroplastin or basigin is required for stability of PMCA complexes and their effective trafficking to the plasma membrane, most likely via co-assembly in the endoplasmic reticulum (ER). This was directly tested in NPTNÀ/À cells by expression of a neuroplastin fusion protein that is retained in the ER (see STAR Methods). In contrast to wild-type protein, ER-retained neuroplastin effectively prevented surface delivery of (endogenous) PMCA complexes (biotinylation assay, inset Figure 7A ) and largely reduced Ca transport (minor shift of the BK Ca activation curve; Figure 7A ). Conversely, both, surface delivery and effective Ca 2+ transport, did not require the entire neuroplastin protein, but rather the transmembrane domain and adjacent N-and C-terminal residues determined as minimal sites for PMCA-neuroplastin interaction ( Figure S3 ). Co-expression of this Ig domain-deleted mutant (NPTN DIgDs) with PMCA2 largely restored the Ca 2+ clearance in CHO cells deprived of neuroplastin and basigin ( Figure 7B ). Together, these biochemical and functional analyses demonstrated that the auxiliary subunits neuroplastin/basigin are required for stability and effective surface trafficking of PMCA complexes.
Control of Intracellular Ca
2+ by Neuroplastin/Basigin-
PMCA Complexes
Finally, we investigated the importance of the two auxiliary proteins for Ca 2+ homeostasis and Ca 2+ handling under cellular conditions using two distinct experimental settings. First, we probed cell survival in response to an increase in extracellular Ca 2+ from 1.8 to 4 mM (for 20 hr, see STAR Methods) in neuronal cultures that were either transduced with control sh-RNA or sh-RNAs knocking down neuroplastin and basigin ( Figure 6A , Figure S8B ). As shown in Figure 8A , this challenge did not affect cell survival ($10% dead cells observed at 1.8 mM) in neuronal cultures transfected with control sh-RNA (Alberich-Jordà et al., 2012) . In contrast, the increased extracellular Ca 2+ led to marked increase in cell death (>50%) in the double-knockdown cultures ( Figure 8A ), in line with these neurons being no longer able to maintain [Ca 2+ ] i at sufficiently low levels by effective extrusion of Ca 2+ .
Ca 2+ clearing was investigated in two further sets of experiments, where we probed the role of the auxiliary subunits in acute Ca 2+ extrusion by PMCA following voltage-and/or action potential-driven Ca 2+ influx through Cav channels. The first of these experiments used patch-clamp recordings on CHO cells that expressed Cav2.2 and BK Ca channels in the absence and presence of exogenous PMCA2 or exogenous PMCA2 and neuroplastin and that were buffered with 0.1 mM EGTA, the equivalent of mobile Ca 2+ buffers in many CNS cells (Augustine et al., 2003; Fakler and Adelman, 2008; Figure 8B imaging on small proximal dendrites of cultured cortical neurons (Delvendahl et al., 2015; Figure 8C , left, see also STAR Methods) that were either transduced with sh-control or sh-NPTN and sh-Basigin. Figure 8C illustrates representative Ca 2+ responses that were evoked either by single actions potentials or by trains of action potentials (10 at 30 Hz) and that revealed the impact of PMCA complexes on the time course of Ca 2+ transients. Most prominently, the decay phase of the Ca 2+ transients was markedly slowed by the removal or decrease of the PMCA complexes ( Figure 8C , middle). This deceleration was independent of the excitation paradigm, with time constants obtained from mono-exponential fits to the respective decay phase(s) differing by roughly 2-fold between control and knockdown ( Figure 8C , right). Together, these results indicated that PMCA-mediated control of [Ca 2+ ] i requires proper assembly of the ATPase subunits with either of the two auxiliary subunits neuroplastin or basigin that ensure stability of the complexes and likely control their number at the plasma membrane thereby determining speed and efficiency of Ca 2+ extrusion at rest and following excitation.
DISCUSSION
We identified neuroplastin and basigin as previously unrecognized auxiliary subunits of native PMCAs that were uncovered as heterotetrameric complexes. Both neuroplastin and basigin are essential for stability and effective trafficking of the PMCA complexes and for efficient control of PMCA-mediated Ca clearance under resting (steady-state) conditions and following activity-initiated Ca 2+ influx.
Subunit Composition of Native PMCA Complexes
For unbiased analysis of native PMCAs and their protein constituents, we used our established proteomic approach with native gel separation, a series of forward and reverse APs and quantitative high-resolution MS analysis (M€ uller et al., 2010; Schwenk et al., 2010 Schwenk et al., , 2012 . These analyses uncovered the molecular identity of native PMCAs as heteromeric assemblies from poreforming PMCA1-4 and auxiliary neuroplastin/basigin subunits (Figures 1 and 2) , and, in addition, provided comprehensive sets of interaction partners for the two auxiliary proteins in the rodent brain ( Figure 2A ). The latter presented several unexpected findings. First, neuroplastin was entirely selective for PMCAs, while basigin serves two distinct types of native transporters, PMCAs and MCTs ( Figures 1C and 2A) . Second, differences between the two splice variations of neuroplastin, although anticipated (Beesley et al., 2014), were not observed ( Figure 2A) . Third, the proteome constituents of neuroplastin and basigin that partially overlap were all low in abundance compared to PMCAs and MCTs (Figure 2A ). Fourth, while interaction with MCT1 was confirmed (Kirk et al., 2000; Wilson et al., 2002) , we failed to verify most of the reported interactors of neuroplastin and/or basigin (for review Beesley et al., 2014; Muramatsu, 2016) under our experimental conditions in the rodent brain (and kidney) despite the extended dynamic range of our approach of four orders of magnitude . Given the sensitivity of neuroplastin/basigin-PMCA interactions to solubilization conditions (Figure S2) , however, our analyses may have missed interactors whose binding properties are effectively interfered by the detergents buffers used. Another caution is that many of the commercially available ABs tested in the course of this work either lacked target specificity or efficient target binding (14 of 16 anti-neuroplastin ABs, and 16 of 18 anti-PMCA ABs; Figure S1 ). Recently, interaction of neuroplastin with PMCA proteins has been described in mouse brain and T-lymphocytes by two studies conducted in parallel to this work (Herrera-Molina et al., 2017; Korthals et al., 2017 This notion is based on several key observations: (1) the knockout of both auxiliary subunits led to an almost entire loss (>95%) of PMCA protein or complexes in neurons and culture cells ( Figure 6A ), (2) the double knockout abolished PMCA-mediated Ca 2+ transport very similar to the removal of (intracellular) ATP ( Figure 6B ), and (3) knockout of neuroplastin, the predominant auxiliary subunit in rodent brain (and kidney), induced a compensatory rise of basigin protein in mice ( Figures 4B and 5 and Figure S8A ). Notably, this rise did not result from increased transcription (ratio for basigin mRNA in NPTNÀ/À versus WT of 0.96 ± 0.02, obtained from three independent quantitative PCR analyses), but rather reflects an increased stability of the basigin protein in PMCA complexes. The neuroplastin/basigin-mediated stabilization of the PMCA subunits most likely results from co-assembly of both partners in the ER, which prevents PMCA protein and complexes from degradation and promotes their efficient trafficking to the surface membrane (Figure 7) as previously suggested for basigin-MCT complexes (Kirk et al., 2000) . Interestingly, co-assembly with the PMCA proteins (and concomitant protection against degradation) only required the transmembrane segment together with the adjacent N-terminal (about ten residues) and C-terminal domains of the neuroplastin protein; the Ig domains appeared not to be involved (NPTN DIgDs, Figure S3) . Similarly, the DIgDs deletion mutant of neuroplastin was sufficient to restore PMCA2-mediated Ca 2+ transport with an efficiency close to that obtained with the wild-type protein ( Figure 7B ] i was lowered by at least two orders of magnitude despite permanent delivery of 10 mM free Ca 2+ to the cytoplasm (via the patch-pipette, Figure 3) , and ''Ca 2+ signals'' were terminated with time constants in the range of a few 10 ms or even faster (Figure 8 ). Efficiency and speed of Ca 2+ extrusion may be determined by the density of PMCA complexes in the membrane (which can be largely different between distinct types of neurons or subcellular compartments thereof; Figure 5 ), or they may be influenced by the Ig domains of neuroplastin and basigin. Such potential regulatory effects of neuroplastin and basigin on the transport function of PMCAs have to remain open at this point, as well as the exact role of the proteins' Ig domains. Independent of mechanistic details, however, it appears reasonable to conclude that PMCA-mediated Ca 2+ transport and influence on Ca 2+ signaling underlie or contribute to the many processes and pleiotropic functions related to neuroplastin and basigin including neuritogenesis (Owczarek et al., 2010 (Owczarek et al., , 2011 , formation, operation and plasticity of synapses (Besse et al., 2007; Carrott et al., 2016; Herrera-Molina et al., 2014; Smalla et al., 2000) , memory formation (Naruhashi et al., 1997), spermatogenesis and fertilization (Igakura et al., 1998; Kuno et al., 1998) , or erythrocyte infection (Crosnier et al., 2011) . The results also stress that while a great deal of attention has been paid to understanding the mechanisms underlying increases in Ca 2+ during Ca 2+ transients, the precise and regulated removal of Ca 2+ is equally important to understanding the dynamics and consequences of Ca 2+ signaling.
STAR+METHODS
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Neuroplastin-deficient mice (C57BL/6N-Nptntm1b(EUCOMM)Hmgu) were produced by direct cre-mediated conversion of a knockout-first promotor-driven tm1a allele (Bradley et al., 2012; Pettitt et al., 2009; Skarnes et al., 2011) . In the converted allele exons 5 and 6 of the NPTN gene on chromosome 9 were deleted leaving a LacZ reporter behind, which contains an en-2 splice acceptor and an internal ribosomal entry site. For genotyping, genomic DNA was extracted from ear punches or toe clips and used as template to amplify the 263 bp WT-specific or 460 bp knockout-specific amplicons in two separate PCRs. The WT-PCR uses a forward primer in exon 6 (gaggttcctgatggtaagagc) and a reverse primer in the intron downstream of exon 6 (tcaccacatggcctgaaggac). The knockout allele is amplified using a forward primer in the lacZ cassette (ccagttggtctggtgtca) together with the same reverse primer as for the WT-PCR. For experiments adult animals were used for both WT and NPTN knockout; specifically, age and sex of these animals were as follows: Immunocytochemistry (Figure 4 ; 10 weeks, male and female), EM ( Figure 5 ; 8 weeks, female), APs (8-18 weeks, male and female), quantitative PCR (16 weeks, male and female).
METHOD DETAILS Molecular Biology
The cDNAs used were all verified by sequencing and had the following GenBank (https://www.ncbi.nlm.nih.gov/genbank) accession numbers: Q08460 (BK Ca ), NM_001036684.3 (PMCA2), NM_009145.2 (neuroplastin), NM_009768.2 (basigin). NPTN ERret was obtained by fusing NPTN C-terminally with two sequence stretches of Kir6.2 (AF037313; aa 355-390 and 369-390) containing a tandem ER-retention motif. In NPTNDIgDs the extracellular Ig domains (aa1-31+aa328-393) were deleted, while NPTNDC-term lacks the intracellular C terminus (aa1-359, lacking aa360-393). In Chim 1 (NPTN TMKCNE1 ) the transmembrane segment of NPTN (aa339-359) was substituted by the transmembrane domain of KCNE1 (NM_012973.1; aa46-66), in Chim 2 (NPTN +11aaTMKCNE1 ) the transmembrane segment of NPTN plus an additional 11 residues (aa328-359) was substituted by an equivalent stretch of KCNE1 (NM_012973.1; aa35-66).
CRISPR/Cas9 driven gene disruption in cultured cells K1-CHO and tsA-201/HEK293 cells were maintained at 37 C / 5% CO 2 in MEM alpha and Dulbecco's MEM GlutaMAX/10 mM HEPES, respectively, each supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Frameshift mutations were introduced using the CRISPR/Cas9 method as described by (Ran et al., 2013) . To target exon 1 of neuroplastin and, in the case of the double knockout, also exon 3 of basigin K1-CHO cells were co-transfected with hCas9 in pcDNA3.3 Topo (Addgene plasmid # 41815, gift from George Church) and a U6-driven sgRNA expression cassette (Mali et al., 2013) cloned into pCR-Blunt II TOPO. The spacer sequence for neuroplastin cctggccctctcgctcttgc was designed based on exon 1 sequence from Mesocricetus auratus (showing high homology to neuroplastin exons 1 of mouse, rat or human), the spacer sequence for basigin was gtaacctccat caatgacgt. To generate the double knockout of neuroplastin and basigin in tsA-201/HEK293 cells were co-transfected with spacer sequences targeting exons 3 of neuroplastin (gttgctggcattcttacgag) and basigin (ttcactaccgtagaagacct) individually cloned into pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene plasmid # 62988, gift from Feng Zhang). To reduce the risk for off-target effects spacer sequences were checked against human, and, in the case of K1-CHO cells, also rat and mouse genomes using the CRISPR Design Tool (http://crispr.mit.edu/, (Ran et al., 2013) ). Transfected K1-CHO cells were selected by geneticin (1 mg/mL) treatment, transfected tsA-201 with puromycin (2 mg/mL). Single cells were then expanded without selective pressure and clones analyzed for frameshift mutations in the respective genes by DNA sequencing of PCR products and for absence of neuroplastin protein by MS-analysis. Lois et al., 2002) ) equipped with EGFP downstream of the human ubiquitin promotor. Lentiviruses were generated as described (Boudkkazi et al., 2014) .
Quantitative real-time RT-PCR Quantitative PCR experiments were performed as detailed in (Nolan et al., 2006) . In brief, brains from adult WT or NPTN knockout mice were pulverized in liquid nitrogen, RNA extracted with the NucleoSpin RNA plus kit (Macherey-Nagel) and reversed transcribed using Superscript IV reverse transcriptase (Invitrogen) and gene-specific reverse primers according to manufacturers' protocols. Quantitative PCR was run on a 7500 Real-Time PCR system (Applied Biosystems) using Platinum Taq DNA polymerase (Invitrogen), SYBR Green (Lumiprobe) as fluorescent nucleic acid dye and ROX (Lumiprobe) as reference dye. Forward and reverse primers for basigin amplification were cctgcatacgaagtacatagtgg and tgatttctttccgaccttgatcc, respectively. Relative quantification was based on target-specific standard curves made with serial dilutions of mouse brain WT control cDNA. GAPDH was used as internal reference gene (forward primer: aggtcggtgtgaacggatttg, reverse primer: tgtagaccatgtagttgaggtca).
Biochemistry and Cell Biology
Affinity purifications Plasma membrane-enriched fractions were prepared from brains of rats and mice as described (Berkefeld et al., 2006) and solubilized by equilibration with detergent buffers CL-47 or CL-91 (Logopharm GmbH, Germany) supplemented with 1 mM EDTA/EGTA and protease inhibitors (1 mM iodoacetamide, 1 mM phenylmethylsulfonyl fluoride, and 1 mg/ml each leupeptin, aprotinin, and pepstatin A) at 1 mg protein/ml at 4 C for 20 min. Non-soluble material was removed by ultracentrifugation (particle sedimentation cutoff 150 S). Solubilisation efficiency was checked by western blot analysis of the soluble and the pellet fraction. Solubilisates (500 or 1000 ml) were incubated for 2 hr at 4 C with the following immobilized antibodies (ABs; each 10 mg): anti-PMCA pan ('anti-PMCA-a', MA3-914 (clone 5F10), Thermo Fisher Scientific), anti-PMCA1/4 ('anti-PMCA-b', sc-71907, Santa Cruz Biotechnology), and anti-neuroplastin-a (AF7818), anti-neuroplastin-b (AF5360), anti-basigin (AF772), all from R&D Systems. Bound proteins were eluted with Laemmli-buffer without DTT containing 8 M urea (2 3 10 min at 37 C; 0.1 M DTT was added after the second elution step). Eluted proteins were shortly run on SDS-PAGE gels, silver stained, and the lanes excised as two sections (<50 kDa, >50 kDa). Both gel sections were separately digested using sequencing grade modified trypsin (Promega, Germany; 1:200 in 25 mM NH 4 HCO 3 ) following a standard procedure. Complexome profiling Profiles of protein complexes (relative abundance versus apparent complex size, Figure 1C ) were determined by cryo-slicing BN-MS as detailed in (M€ uller et al., 2016) . Briefly, protein fractions enriched for membranes with high protein content (20%-40% Percoll gradient interface of ultracentrifugation-separated vesicles prepared from hypotonically lysed rat brain synaptosomes and 1.3 M sucrose fraction from ultracentrifugation gradients resolving mouse kidney membrane vesicles, respectively) were solubilized for 30 min on ice with CL-47 buffer (salts replaced by 0.5 M aminocaproic acid, 50 mM imidazole pH 7.0, 1 mM EDTA, 1 mM EGTA and protease inhibitors) at a protein-detergent ratio of 1:8 and cleared by ultracentrifugation. About 1 mg of solubilized protein (supplemented with 10% glycerol / 0.05% Coomassie G-250) was loaded onto non-denaturing 1%-13% (v/v acrylamide) gradient gels (14 3 11 cm, 1.5 mm spacer; gel buffer 0.75 M aminocaproic acid, 50 mM Bis-Tris pH 7.0, 0.2% CL-47 detergent; cast using a peristaltic pump fed by a linear gradient mixer) and run at 10 C over night using standard cathode (50 mM Tricine, 15 mM BisTris, 0.01% Coomassie G-250) and anode (50 mM BisTris pH 7.0) buffers. Gel lanes were then excised, fixed, embedded, and sliced with a cryo-microtome (Leica CM1950; 0.3 and 0.25 mm stepsize for rat brain and mouse kidney samples, respectively). Washed slices were subjected to standard in-gel digestion as described above. Analytical BN-PAGE AB-shift assay Non-denaturing 2%-12% (v/v acrylamide) gradient gels (14 3 11 cm, 1.5-mm spacer) were cast and run as described above (gel buffer 0.75 M aminocaproic acid, 50 mM BisTris, pH 7.0, 0.1% CL-47 detergent). 1 mg of total brain membranes (prepared from brains of wild-type and neuroplastin knockout mice, as well as from rat brain at distinct developmental stages) were solubilized in 1.0 mL of detergent buffer (CL-47, protein-detergent ratio of 1:10, with 1 mM EDTA/EGTA and protease inhibitors added) for 25 min on ice and cleared by ultracentrifugation (12 min at 100,000 x g). The solubilisate was supplemented with 10% sucrose and directly loaded onto the gel (16 mg protein / mm 2 gel cross-section). For AB-shift analysis, 15 mg anti-neuroplastin-a AB was added to 600 mL solubilisate and incubated for 2 hr prior to the BN-PAGE run. For the PMCA AB-shift analysis, the following antibodies were used as a mixture: anti-PMCA (MA3-914; ThermoFisher), anti-PMCA1/4 (Sc-71907; Santa Cruz Biotechnology), anti-PMCA2/3 (Sc-398013; Santa Cruz Biotechnology). After the run, gel lanes were excised, equilibrated for 2 3 10 min in Laemmli buffer and put onto 10% SDS-PAGE gels for second dimension separation followed by western blotting onto PVDF membranes. Membrane preparations for total protein determination Cultured cells (CHO and tsA-201/HEK293 cells) were scraped off culture plates in PBS supplemented with protease inhibitors and lysed by sonication in 320 mM sucrose, 10 mM Tris-HCl (pH 7.4), 1.5 mM MgCl 2 , 1 mM EGTA with protease inhibitors. Membranes were collected by ultracentrifugation for 20 min at 125,000 x g, 4 C and resuspended in 20 mM Tris-HCl (pH 7.4). In the case of tsA-201/HEK293 cells the obtained membranes were re-suspended in 100 mM Na 2 CO 3 (pH 11) to reduce sample complexity by removing membrane associated proteins. Membranes were collected by ultracentrifugation for 20 min at 230,000 x g and solubilized in Laemmli buffer. Crude membrane fractions from neuronal cultures were prepared as follows: Cells were homogenized by sonication in 10 mM Tris-HCl (pH 7.4) / 320 mM Sucrose / 1 mM EGTA/EDTA / 1.5 mM MgCl 2 , supplemented with freshly added protease inhibitors. Membrane vesicles were then pelleted by ultracentrifugation (125,000 x g, 20 min, 4 C) and re-suspended in 20 mM Tris-HCl (pH 7.4). Protein interaction assay Double knockout CHO cells (NPTNÀ/À, BasiginÀ/À) were transiently transfected (Polyethylenimine (PEI), Polysciences) with the myc-tagged neuroplastin constructs indicated in Figure S3 at a ratio of 4:1 (PEI: DNA). Two days after transfection, cells were harvested and membranes prepared as described above. Membranes were solubilized with CL-47 and used for APs (350 ml solubilisate / 7.5 mg immobilized AB ( Figure S3A ), 750 mL solubilisate / 10 mg immobilized AB ( Figure S3B) ). Solubilisates were first incubated with non-specific normal rabbit IgG (12-370, Millipore) (30 min, 4 C) to remove potential background. Supernatants were subjected to APs with anti-myc (sc-789, Santa Cruz Biotechnology) (90 min, 4 C). Eluted proteins were separated by SDS-PAGE, blotted onto PVDF membranes and western-probed with the target-specific ABs anti-myc (2278 (71D10), Cell Signaling) and anti-PMCA2. Proteins were visualized with HRP-conjugated secondary ABs as described above. Cell surface biotinylation Two days after transfection, cells were rinsed twice with PBS pH 8.0 and incubated with 3.2 mM Sulfo-NHS-Biotin (Thermo Scientific) in PBS pH 8.0 (20 min, room temperature). Biotinylation was blocked with 50 mM Tris pH 8.0 (2x 5 min, room temperature) and cells were scraped off culture plates on ice in 20 mM Tris/HCl pH 7.4, 150 mM NaCl, 1 mM EDTA with protease inhibitors. Membranes were prepared as described above, solubilised in CL-91 (Logopharm GmbH) and soluble material was cleared by ultracentrifugation (10 min at 125000 x g, 4 C). Supernatants were incubated with NeutrAvidin agarose (Thermo Scientific) (2 hr on ice), washed with CL-91 dilution buffer (Logopharm GmbH) thrice, and bound protein eluted with Laemmli buffer containing 100 mM DTT (15 min, 50 C). After SDS-PAGE PMCA2 was visualized by western blot analysis using the anti-PMCA2 antibody. Neuronal cultures Hippocampal cultures. Cultures were prepared from rats at E18 and cultured similarly as described (Goslin and Banker, 1989) . Briefly, hippocampi were collected and trypsinized for 15 min at 37 C. After stopping trypsin activity with FCS, cells were dissociated and seeded in Neurobasalmedium (2% B-27 Supplement, 1% P/S, 1% Fungizone, 1% GlutaMAX) at a density of 0.5 3 10 6 cells / coverslip (diameter 3.5 cm). After 2 hr, the coverslips were inverted onto a Glia-Feeder culture. Once a week cells were fed with Glia-conditioned medium. Coverslips used were coated with poly-D-Lysine and contained paraffin dots to prevent touching of the cortical and the Glia culture. To limit glial profilation 4 mM Cytarabinoside was added at DIV 3. Cells were transduced with lentivirus at DIV1 and cultivated for 3 weeks. Cortical cultures. Cultures were prepared from P0/P1 C57BL/6 mice. In brief, pups were sacrificed and isolated cortices were cut into pieces and trypsinized for 5 min at 37 C. Trypsin activity was stopped using FCS-containing HBSS and chunks were mechanically homogenized and centrifuged twice before seeding resuspended cells onto Matrigel (Corning, NY, USA)-coated coverslips grown in MEM based medium (MEM with Earle's salts and L-Glutamine, 5% FCS, 1% B-27 Supplement, and 5% Glucose, 0.02% NaHCO 3 , 0.01% Bovine Transferrin, 0.0025% Bovine Insulin). 24 hr after plating of the neurons, coverslips were placed in 24 well plates containing OptiMEM medium for infection with lentiviruses (a fraction of coverslips was transfected with either the control virus or the two effector viruses). After 2h of mild shaking at 37 C, coverslips were transferred back to the original 24 wells and cultures were grown until recordings were performed between 21 and 30 days in vitro (DIV). In order to limit glial proliferation, coverslips were grown in standard medium containing 4 mM Cytarabinoside from DIV 3 -5. Cell survival assay To challenge cultured cortical neurons, control (transduced with sh-control) and double knockdown neurons (infected with virus encoding sh-NPTN and sh-basigin) were incubated for 20 hr with culture media containing 1.8 mM Ca 2+ (control) or 4 mM Ca 2+ (challenge). Cells were then washed in PBS and incubated with 4 mM Ethidium Homodimer (Molecular Probes) for 10 min at RT. After rinsing with PBS, cells were imaged immediately. For all conditions, at least 10 overview images (10x/0.25 A-Plan Zeiss objective) were taken. Green (living) and red (dead) cells were counted and their relative portion was calculated. Data are given as mean ± SD and datasets were tested for statistical significance by means of the nonparametric, two-sided U-Test (Mann and Whitney).
Mass spectrometry LC-MS/MS analysis
Mass spectrometric analysis was basically carried out as described in (Schwenk et al., 2014) . Dried peptides were dissolved in 0.5% trifluoroacetic acid and aliquots were loaded onto a C18 PepMap100 precolumn (particle size 5 mm; Dionex / Thermo Scientific, and k is the slope factor. For determination of PMCA-mediated Ca 2+ -clearance via the deactivation time course of BK Ca channels ( Figure 8B ) a previously established voltage-protocol (Berkefeld and Fakler, 2013) was used. Briefly, a depolarizing voltage-step (from À90 mV to 70 mV) activated Cav2.2 (and a minor portion of BK Ca ) channels without inducing Ca 2+ -influx (due to the lack of driving force); Ca 2+ -influx was triggered by a 0.8 ms voltage-step to À60 mV (arrow in Figure 8B ). The resulting increase in [Ca 2+ ] i activated BK Ca channels and thus triggered transient (in the presence of PMCA and/or neuroplastin) or long-lasting (control) K + currents that were measured at a potential of 70 mV. The current decay was fitted with a mono-exponential function yielding values for the respective time constant (t decay ). All chemicals except DiBrBAPTA (Alfa Aesar) were purchased from Sigma.
Two-photon Ca 2+ imaging
For recordings, cultured cells were visualized using oblique illumination and infrared optics. Whole-cell patch-clamp recordings were performed using a HEKA EPC10/2 amplifier. All recordings were performed at 35 C-36 C using 3-5 MOhm borosilicate glass pipettes with an intracellular solution containing the following (in mM): 150 K-Gluconate, 10 NaCl, 10 K-HEPES, 3 Mg-ATP, and 0.3 Na-GTP (pH adjusted to 7.3 using KOH). In addition, 10 mM Atto594 and 100 mM Fluo-5F were added to the intracellular solution. Throughout the recordings, cells were superfused with a solution containing (in mM): 150 NaCl, 4 KCl, 10 HEPES, 10 Glucose, 1.1 MgCl 2 and 1.1 CaCl 2 , 0.01 CNQX, 0.01 AP-5 and 0.01 SR-99531 (pH adjusted to 7.3 using NaOH). Calcium signals were essentially recorded and analyzed as previously described (Delvendahl et al., 2015) . For cell cultures, infected neurons were selected by GFP-expression and line scans from proximal dendrites of patch-clamped neurons were performed. Ratios of green over red fluorescence (DG/R) changes were calculated and fitted using MES software (Femtonics, Budapest, Hungary).
